enable new science. We have recently demonstrated such a tool: grazing-incidence mirrors based on full figures of revolution, often referred to as Wolter mirrors. 1, 2 These mirrors have the potential of transforming neutron imaging (and scattering) instruments from pinhole cameras into microscopes.
Currently, the most commonly used optical devices are neutron guides, which transport neutrons, but do not create images. [3] [4] [5] [6] [7] Imaging optics, such as lenses and mirrors, can be found at some reactor-based small-angle scattering (SANS) instruments. [8] [9] [10] [11] [12] Imaging with the help of lenses has been demonstrated, 13 but not used due to practical limitations. Lenses are not suitable for time-of-flight (TOF) instruments, which use polychromatic beams, since the focal distance of a biconcave neutron lens varies inversely as the second power of the neutron wavelength. A recently developed magnetic lens offers a possible solution, at least for very cold neutrons, 14, 15 by modulating the magnetic field according to the neutron velocity as a pulse travels through the lens. However, these lenses work only with polarized pulsed neutron beams. 16, 17 In contrast to lenses, focusing mirrors are free from chromatic aberrations. Flat mirrors can be bent to create Kirkpatrick-Baez 18 optics and other combinations of parabolic and elliptical mirrors, 19 but these systems have very limited collection efficiency for large, divergent neutron beams. As a result, only one SANS instrument is equipped with toroidal Cu-coated mirror, 20 but no imaging instrument uses reflection optics (except for demonstrations of a microscope based on ultra-cold neutrons, 21, 22 but such devices are not practical for modern neutron radiography). The limitation on the collection efficiency arises from the exceedingly small critical incidence angle, above which almost no neutrons are reflected. To work around this limitation and dramatically improve the performance of mirror-based instruments, we have used optical designs and technology inspired by x-ray telescopes. 1, [23] [24] [25] [26] [27] This paper reports the demonstration of a prototype cold-neutron microscope, which is equipped with image-forming Wolter mirrors. Images of test samples, such as those in Figure 1 , were taken and analyzed. The resolution, throughput, depth of focus, and field of view were found in agreement with ray-tracing simulations.
Neutron imaging is a valuable non-destructive evaluation method for many applications, such as multi-phase flow in porous media, water transport in fuel cells, degradation mechanisms in lithium batteries, car engines, and cultural heritage objects. 28 Traditional neutron-imaging instruments resemble pinhole cameras, as shown schematically in Figure 2 (a). The spatial resolution is limited largely by the beam collimation, which is characterized by the L/D ratio, where D is the source aperture through which samples are illuminated, and L is the aperture-toobject distance. To achieve high L/D for a reasonable instrument length, D is often less than 10 mm, severely restricting the flux illuminating the sample. The goal of the imaging community is to achieve the spatial resolution of ~1 µm, without reducing the signal rate to impractically low levels. Available neutron fluxes and detector resolution have so far prevented reaching this goal, but the focusing optics demonstrated here can be used to overcome these limitations.
Focusing mirrors make the optical design of a neutron-imaging instrument similar to that of optical microscopes (see Figure 2 (b)), where the resolution does not depend on the beam collimation, but rather on the optics itself (since the cold neutron wavelength is ~1 nm, diffraction does not limit current resolution). Consequently, the source size, and thus the number of neutrons illuminating the sample increase substantially, leading to higher signal rates. In addition, optical magnification would result in a better spatial resolution at the same pixel size of the detector. Therefore, the use of Wolter optics opens the possibility for significant progress in high-resolution thermal neutron radiography, similar to the use of lenses in optical devices.
Schematic illustrations of two experimental set-ups used at the NIST Center for Neutron
Research (beamline NG1) are shown in Figure 2 . The mirrors used for the measurements are described in Ref. [1] . This prototype device includes three nested coaxial mirrors, each one consisting of confocal ellipsoid and hyperboloid pairs. The optic was placed in the beamline with 4 degrees of motorized control (pitch, yaw, longitudinal and horizontal transverse). The samples and the detector were at the foci of the optics (0.64 m upstream and 2.56 m downstream, respectively). Two test samples were used to measure the spatial resolution, depth of field and figure errors. One was a planar grating (referred to here as G0) made of about 5 µm-thick neutron-absorbing Gd, 29 with a period of 796 µm and a duty cycle of 40 %, and the other was a planar array of 100 µm-diameter holes in a 100 µm-thick Gd foil (a modified uniformly redundant array, or MURA). 30 The sample position was about 2 m from the end of the guide (cross sectional area 60 x 60 mm). There was a 50 mm-diameter shutter between the guide and the sample. The detector is a 40 mm-diameter micro-channel plate (MCP) with a cross-strip readout. At full resolution, the detector is a 64 mega-pixel camera, with 4.98 µm pixel pitch.
31 Figure 1 shows images of the samples obtained with and without the optics. In the conventional system without the optics, the source-to-detector distance of 3.2 m and the aperture diameter of 3 mm were used; thus, the L/D ratio was about 1000, as normally used for highresolution imaging. When using the mirrors, the source aperture was enlarged from 3 mm to about 10 mm. The average neutron flux at the detector increased from 7 to 20 counts per pixel when the conventional system was replaced by the microscope. Such increase, by a factor of three, is consistent with ray-tracing simulations. From acquired magnified images, one can derive the modulation transfer function (MTF), which is commonly used to quantify the spatialfrequency response of optical systems. 32 (MTF decreases from unity with increasing frequencies, because the inevitable blurring induced by the imaging system reduces the contrast of highspatial-frequency components of images. When the contrast is too small, high-frequency features cannot be resolved.) Normally, the resolution of a neutron imaging system is derived from MTF = 0.1. Figure 3 shows the measured and simulated MTF of the neutron microscope, derived from cross-sections such as this shown in Figure 1 The spatial resolution of a mirror-based imaging system is determined mainly by deviations of the actual mirror surface from its ideal shape. Effects of long-wavelength deviations, called figure errors (or slope errors), can be taken into account by geometrical optics. Therefore, these effects were simulated by ray-tracing. We did not simulate weaker effects of short-wavelength deviations, or surface roughness, which lead to off-specular scattering due to diffraction and incoherent scattering and cannot be simulated by ray-tracing alone. Ray-tracing simulations of the experimental setup were performed using McStas, a standard neutron ray-tracing package. 33, 34 Because of figure errors, neutrons are reflected into a range of angles around ideal specular reflections. Therefore, in the simulations, scattering angles were assigned random deviations from ideal specular directions, according to a two-dimensional Gaussian distribution with standard deviation σ. Different standard deviations resulted in different images, from which MTF's were extracted. Figure 3 shows such MTF curves corresponding to standard deviations σ = 40 µrad, 20 µrad and 1 µrad, together with points deduced from the experimental image. The value of σ = 20 µrad in simulations leads to a similar spatial resolution as that measured. Similar slope errors were found by x-ray testing, following mirror fabrication. We attribute the lowspatial-frequency deviation of the measured and simulated curves to the effects of roughness, which leads to off-specular scattering at large angles. It is responsible for a weakly changing background that manifests itself mostly at low spatial frequencies, while figure errors influence strongly the high-spatial-frequencies part of the MTF. Effects of the surface roughness will be taken into account in future simulations.
The field of view (FOV) and depth of focus (DOF) were characterized with the help of the thin Gd MURA mask (Figure 1(c) ). A larger DOF means sharper images of three-dimensional objects and higher tolerance to the displacements along the optical axis from the focal plane. The DOF was measured by scanning the sample along the optical axis near the nominal focal point.
We analyzed fragments of images, containing three adjacent pinholes (shown in the inset in Therefore, when using the mirrors, the sample can be illuminated by a much larger neutron source. The signal rate is improved by increasing both the effective source area and the solid angle of the collected beam. When the optics is well optimized, including the use of nested coaxial confocal mirrors and high-critical-angle coating, 23 enhancements of orders of magnitude in signal rates could be possible. 1, 35, 36 In addition to the signal rate, the field of view 37, 38 and depth of focus also require optimization of the mirrors' geometry.
The spatial resolution of neutron imaging is currently limited by the detector pixel size and available neutron fluxes. The resolution can be improved with the help of magnifying Wolter optics, which can practicably be made with up to ten-fold magnification. For example, using standard micro-channel-plate detectors with 5 µm pixels and magnification-ten optics, it could be possible to reach nearly 1 µm resolution in neutron radiography, potentially enabling new science. To achieve this, the resolution of the optics, currently of order 100 µrad, must be improved by a factor of ~100, by reducing figure errors and surface roughness. One technology, differential deposition, is currently being developed for grazing-incidence x-ray telescopes, 39 for a gain of 100 over the pinhole optics geometry. Further, the resolution of the image is the same in all directions, as opposed to being blurred, as is the case in the slit image. With such intensity gains it will possible to obtain images with high temporal (~5 s) and spatial resolution (~10 µm) of transient processes in fuel cells, batteries, and microfluidic devices. As well, tomography data sets with 10 µm voxel resolution could be obtained in a period of less than an hour as opposed to the current ~1 day, and would enable studies of crack formation in concrete during freeze/thaw cycles or slow fluid migration in soils, clays and shale. The possibility of magnification 10, coupled with a detector spatial resolution of ~10 µm means that the system resolution will reach ~1 µm. Since the neutron density will be decreased by a factor of 100 for magnification, image acquisition times will be comparable to the current image acquisition time for ~10 µm resolution images. With this gain in resolution, one would be able to image the water content in standard Pt/C electrodes in fuel cells, and high resolution maps of the lithium concentration in lithium batteries. Another advantage of an optic for imaging is more difficult to quantify; the sample no longer needs to be in direct contact with the detector and there is ample space both upstream and downstream of the sample. In studies of magnetic materials with polarized neutrons, the measurement would not suffer a loss in spatial resolution due to the thickness of the neutron spin analyzer. One could also perform simultaneous x-ray and neutron micro-tomography of porous media and in one unique instrument obtain the complementary information from both probes; x-rays to measure the matrix and neutrons to measure the fluid.
In conclusion, we have demonstrated the first grazing-incidence neutron microscope and analyzed its performance. Measurements of spatial resolution, depth of focus and field of view of the microscope showed a good agreement with ray-tracing simulations. Thus, we have confidence that new mirrors, designed and optimized for a future imaging users facility, would perform as expected. With optimized mirrors and beamline configurations, the improvement of neutron flux and resolution could be very significant, allowing game-changing improvements of the neutron-imaging technique and leading to new science. 
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